The ratios r 01 and r 10 of small to large separations of KIC 2837475 primarily exhibit an increase behavior in the observed frequency range. The calculations indicate that only the models with overshooting parameter δ ov between approximately 1.2 and 1.6 can reproduce the observed ratios r 01 and r 10 of KIC 2837475. The ratios r 01 and r 10 of the frequency separations of p-modes with inner turning points that are located in the overshooting region of convective core can exhibit an increase behavior. The frequencies of the modes that can reach the overshooting region decrease with the increase in δ ov . Thus the ratio distributions are more sensitive to δ ov than to other parameters. The increase behavior of the KIC 2837475 ratios results from a direct effect of the overshooting of convective core. The characteristic of the ratios provides a strict constraint on stellar models. Observational constraints point to a star with M = 1.490 ± 0.018 M ⊙ , R = 1.67 ± 0.01 R ⊙ , age = 2.8 ± 0.4 Gyr, and 1.2 δ ov 1.6 for KIC 2837475.
INTRODUCTION
By comparing observed oscillation frequencies and the ratios of small to large separations with those calculated from theoretical models, asteroseismology imposes strict constraints on stellar models. The small separations are defined as (Roxburgh & Vorontsov 2003) d10(n) ≡ − 1 2 (−νn,0 + 2νn,1 − νn+1,0)
and d01(n) ≡ 1 2 (−νn,1 + 2νn,0 − νn−1,1).
In calculation, equations (1) and (2) are generally rewritten as the smoother five-point separations.
Asteroseismology has proved to be a powerful tool for determining fundamental star parameters, diagnosing internal structures of stars, and probing physical processes in stellar interiors (Eggenberger et al. 2005; Yang & Bi 2007b; Stello et al. 2009; Christensen-Dalsgaard & Houdek 2010; Yang et al. 2010 Yang et al. , 2011a Yang et al. , 2012 Silva Aguirre et al. 2011 Liu et al. 2014; Chaplin et al. 2014; Metcalfe et al. 2014; Guenther et al. 2014) .
F-type main-sequence (MS) stars usually have a convective core and a convective envelope. Consequently, they have various characteristics that are similar to that of the Sun, such as oscillations. On the other hand, they have peculiar properties due to the ⋆ E-mail:yangwuming@bnu.edu.cn convective core that leads to a large gradient of chemical compositions at the bottom of the radiative region and an overshooting of the core in their interior. The overshooting of convective core extends the region of chemical mixing by a distance δovHp above the top of the convective core that is determined by Schwarzchild criterion, where Hp is the local pressure scale height and δov is a free parameter. Consequently, the overshooting of the core brings more H-rich material into the core, which prolongs the lifetime of the burning of core hydrogen, enhances the He-core mass left behind, and strongly changes the global characteristics of the following giant stages (Schröder et al. 1997; Yang et al. 2012) , such as the critical mass of He-flash and the global oscillation properties of red-clump stars (Yang et al. 2012) .
The parameter δov has been observationally estimated in several ways. Prather & Demarque (1974) and Demarque et al. (1994) found that the value of δov is approximately 0.1-0.2 by comparing the theoretical and observational color-magnitude diagram of clusters. In addition, the value of δov estimated by matching the exact properties of certain ζ Aurigae eclipsing binaries is roughly 0.2-0.3 (Schröder et al. 1997) . The uncertainty of the mass and extension of the convective core due to overshooting directly affects the determination of the global parameters of stars by asteroseismology or other studies based on stellar evolution (Mazumdar et al. 2006) . Thus determining the presence of the convective core and its extension is important for understanding the structure and evolution of stars.
The p-modes with l = 1 penetrate more deeply into stellar interiors than the higher-l modes. Thus, the ratios r01 and r10 are a potential tool for probing the existence and extension of a convective core of stars. Many authors (Mazumdar et al. 2006; Cunha & Metcalfe 2007; Deheuvels et al. 2010; De Meulenaer et al. 2010; Silva Aguirre et al. 2011 Liu et al. 2014; Guenther et al. 2014; Tian et al. 2014 ) have studied the overshooting of convective cores by asteroseismology. Tian et al. (2014) gave that the value of δov is in the range of 0.0-0.2 for KIC 6225718. Liu et al. (2014) found that it is in the range of 0.4 and 0.8 for HD 49933; however, Guenther et al. (2014) obtained the δov for Procyon in the range of 0.9 and 1.5, which is much larger than the generally accepted value. This large δov may exist in other stars, and if this large δov is confirmed in more stars, the general understanding of the structure and evolution of stars will be improved to a certain degree.
Moreover, although the increase behaviors in the ratios of KIC 6106415 and KIC 12009504 arise from the low signal-tonoise ratio and the larger linewidth at the high-frequency end (Silva Aguirre et al. 2013) , the increase in the ratios of HD 49933 at high frequencies may result from the effects of overshooting of convective core (Liu et al. 2014) . Liu et al. (2014) argued that the gradient of the mean molecule weight in the radiative region hinders the propagation of p-modes, while the hindrance does not exist in the convective core. Therefore, the ratios r01 and r10 can exhibit an increase with frequencies when the inner turning points of the corresponding modes with l = 1 are located in the overshooting region.
Individual frequencies of p-modes of dozens of MS stars have been extracted by Appourchaux et al. (2012) , which provides an opportunity for studying the overshooting of the convective core and the behaviors of ratios r01 and r10. In these stars, the ratios r01 and r10 of KIC 2837475 increase linearly with a frequency in the range of approximately 1050 and 1600 µHz, which may be related to the overshooting of convective core. The mass of KIC 2837475 estimated by Chaplin et al. (2014) Metcalfe et al. (2014) determined the value to be 1.39 ± 0.06 M⊙ for KIC 2837475.
In this work, we focus mainly on whether the observed characteristics of KIC 2837475 can be directly reproduced by stellar models. In order to find the best model of KIC 2837475, we use the chi squared method. Firstly, using the constraints of luminosity, T eff , and [Fe/H], we obtain an approximate set of solutions. Then around this set of solutions, we seek for best models that match both non-seismic constraints and the individual frequencies extracted by Appourchaux et al. (2012) . And finally, we compare r01 and r10 of models with the observed r01 and r10. In Section 2, the stellar models are introduced. In Section 3, the observational constraints and the calculated results are presented, and in Section 4, the results are summarized and discussed.
STELLAR MODELS
To study the solar-like oscillations of KIC 2837475, a grid of evolutionary tracks was computed using the Yale Rotation Evolution Code (Pinsonneault et al. 1989; Yang & Bi 2007a) in its non-rotation configurations. The OPAL EOS tables (Rogers & Nayfonov 2002) and OPAL opacity tables (Iglesias & Rogers 1996) were used, supplemented by the Alexander & Ferguson (1994) opacity tables at low temperature. Convection is treated according to the standard mixing-length the- ory. The value of the mixing-length parameter α calibrated to the Sun is 1.74; in this work, it is a free parameter. The overshooting of the convective core is described by the parameter δov. The full mixing of chemical compositions is assumed in the overshooting region in our models. The diffusion and settling of both helium and heavy elements are computed by using the diffusion coefficients of Thoul et al. (1994) for models with a mass less than 1.30 M⊙.
The range of the values of parameters, mass (M ), α and δov, and the chemical compositions of zero-age MS models are summarized in Table 1 , where the δ indicates the resolution of the parameters. All models are computed from zero-age MS to the end of MS or the subgiant stage. For example, Figure 1 shows the evolutionary tracks of models with M = 1.50 M⊙ with varying δov and α. The adiabatic frequencies of the low-degree p-modes of models are computed by using the Guenther pulsation code (Guenther 1994) . For the modes with a given degree l, the frequencies νcorr(n) corrected from the near-surface effects of a model are calculated by using equation (Kjeldsen et al. 2008 )
where b is fixed to be 4.9, a is determined from the observed frequencies of the modes with the given l and the adiabatic frequencies of the modes with the degree l of the model by using equations (6) and (10) of Kjeldsen et al. (2008) , ν mod (n) represents the adiabatic frequencies of the model, νmax is the observed frequency of maximum oscillation power 1 .
OBSERVATIONAL CONSTRAINTS

Non-asteroseismic Observational Constraints
KIC 2837475 is an F5 star (Wright et al. 2003) . Its effective temperatures are 6562 (2013) . Moreover, its visual magnitude is 8.547 ± 0.013 mag (Ammons et al. 2006) . The bolometric correction can be estimated from the tables of Flower (1996) ; while extinction is obtained from Ammons et al. (2006) . By combining its parallax Π = 10.3
mas (Ammons et al. 2006) , its luminosity is estimated as approximately 6.0 ± 4.8 L⊙.
For each model, the value of χ 2 c is calculated. The function χ 2 c is defined as
where the quantities C obs i
and C theo i
are the observed and model values of T eff , L/L⊙, and (Z/X)s, respectively. The observational uncertainty is indicated by σ(C obs i ). In the first step, the models with χ 2 c ≤ 1 are used as candidates for KIC 2837475.
Asteroseismic Constraints
To find the models that can reproduce the properties of KIC 2837475 , the value of χ 2 ν was computed. The function χ 2 ν is defined as
where ν In order to ensure finding the model with the minimum χ 2 ν and the model with the minimum χ 2 νcorr , the time-step of the evolution for each track is set as small as possible when the model evolves to the vicinity of the error-box of luminosity and effective temperature in the H-R diagram. This makes the consecutive models have an approximately equal χ Table 2 ). In some cases, for the consecutive models in a track, the value of the minimum χ 2 νcorr is even larger than that of the minimum χ 2 ν (see the models Mm2b and Mm2d in Table 2 ). The difference between the age of the model with the minimum χ 2 ν and the age of the model with the minimum χ 2 νcorr is generally several Myr. However, the distributions of ratios r01 and r10 of the two models are almost the same (see Figure 2) , i.e., the interior structures of the two models are almost the same. For Figure 2 . The distributions of ratios r 01 and r 10 of models Mb1b and Mb1d as a function of frequency. The uncorrected ratios are calculated from adiabatic frequencies ν n,l of the models, while the corrected ratios are computed from the corrected frequencies νcorr of the models. a given mass and δov, the model with the minimum χ 2 νcorr was chosen as the best model. Figures 2 and 3 show that the distributions of ratios r01 and r10 are affected by correction. Kjeldsen et al. (2008) argued that the offset from incorrect modeling of the near-surface layers is independent of l. Thus we computed the value of a in equation (3) only from frequencies of radial modes (l = 0) and then apply it to all modes. In this case, the distributions of ratios r01 and r10 are not affected by the correction, i.e., the corrected and uncorrected ratios are the same; however, the value of χ 2 νcorr becomes larger (see the value in the parentheses in Table 2 ). In present work, the a for the modes with degree l is calculated from the observed and model frequencies of the modes with the degree l.
The Models with the Effective Temperature and [Fe/H] of Bruntt
For a given mass, the model minimizing χ 2 νcorr + χ 2 c is chosen as a candidate for the best-fit model. The fundamental parameters of the models are listed in Table 2 , where some consecutive models are listed to state that the value of χ However, Figure 4 shows that these models cannot reproduce the observed ratios r01 and r10. This hints us that the internal structures of these models may be not consistent with that of KIC 2837475.
The effective temperatures of KIC 2837475 determined by Molenda-Zakowicz et al. (2013) and Ammons et al. (2006) Bruntt et al. (2012) ; while models Mm1 to Mm11 have those determined by Molenda-Zakowicz et al. (2013) . a The corrected frequencies of modes with l = 1 and 2 are calculated by using the a that is determined from the frequencies of modes with l = 0. Bruntt et al. (2012) . However, Figure 5 shows that the ratios r01 and r10 of the models are not in agreement with the observed ones. Our calculatios show that the uncorrected ratios of these models also do not agree with the observed ones, i.e., the internal structures of these models do not match that of KIC 2837475.
The Models with the Effective Temperature and [Fe/H] of Molenda-Zakowicz
The ratios of the models listed in Table 2 decrease with the increase in frequencies. Liu et al. (2014) showed that the ratios of the modes whose inner turning points are located in overshooting region of convective core can exhibit an increase behavior. They also showed that the inner turning point, rt, of the mode with a frequency νn,1 should be estimated by where c(rt) is the adiabatic sound speed at radius rt, the value of the parameter f0 is 2.0. Figure 6 shows the distributions of frequencies νn,1 of models as a function of inner turning point rt determined by Equation (6). When the value of f0 is equal to 2.0, the modes with νn,1 less than 2200 µHz do not reach the overshooting region of the convective core of model Mb3. The ratios r01 and r10 of model Mb3 do not exhibit an increase behavior in the range between 1000 and 2200 µHz. When the frequency is larger than 2200 µHz, the ratios of model Mb3 exhibit an obvious increase behavior (see Figure 4) . Thus the increase behavior of the ratios r01 and r10 may derive from an effect of the overshooting of convective core.
The radius of overshooting region increase with the increase in δov, which leads to the fact that the increase behavior can appear at low frequencies for the star with a large δov. Thus, we calculated the models with δov as large as 1.8. With the constraints of the effective temperature and [Fe/H] of Bruntt et al. (2012) and Molenda-Zakowicz et al. (2013), we did not obtain the models that can reproduce the observed frequencies and ratios r01 and r10.
The Models with the Effective Temperature and [Fe/H] of Ammons
The effective temperature determined by Ammons et al. (2006) is higher than that estimated by Molenda-Zakowicz et al. (2013) but lower than the one determined by Bruntt et al. (2012) . Moreover, the value of [Fe/H] estimated by Ammons et al. (2006) is higher than those determined by Bruntt et al. (2012) and Molenda-Zakowicz et al. (2013) . We calculated models with the effective temperature and [Fe/H] determined by Ammons et al. (2006) . The value of δov of the models with χ 2 c ≤ 1.0 is in the range of 0.0-0.4 and 1.0-1.6. The models with δov between 0.0 and 0.4 can not reproduce the observed ratios r01 and r10. Table 3 lists the models with the larger δov and a minimum χ Figures 7 and 8 show the distributions of ratios r01 and r10 of the models listed in Table 3 as a function of frequency, which clearly show that the observed ratios can be reproduced by the models with mass between about 1.46 and 1.56 M⊙ and δov between 1.2 and 1.6. This indicates that KIC 2837475 may has a very thick overshooting region of convective core.
The distributions of ratios r01 and r10 can be affected by the correction for the effect of near-surface layers. Thus we computed the ratios of uncorrected frequencies of the models listed in Table  3 . Figure 9 shows that the difference between the uncorrected and corrected ratios mainly occurs at high frequency. The distribution of the corrected ratios is similar to that of uncorrected ones for these models. Therefore, the increase behavior of the ratios of the models is uncorrelated with the effect of the correction. It derives from an effect of the overshooting of convective core. Even using the uncorrected ratios or the ratios of models with the minimum χ 2 ν , our results are not changed.
Fitting Curves of the Observed and Theoretical Ratios
Yang et al. (2015) suggested using equation
or
to describe the ratios r01 and r10 affected by the overshooting of the convective core of stars, where the A is a free parameter, the ν0 is the frequency of the mode whose inner turning point is located on the boundary between the radiative region and the overshooting region of convective core, the B0 is the r10 at 3ν0/2. The value of r10(νn,1) decreases with frequency νn,1 when the frequency is less than ν0 but increases with frequency in the range of approximately ν0 and 7ν0/4, and has a maximum at about 7ν0/4. The distributions of ratios r01 and r10 of KIC 2837475 provide a good opportunity for testing the formulae. The observed ratios of KIC 2837475 has a maximum at about 1580 µHz. Thus the value of ν0 is approximately 900 µHz. The value of the observed r10 of KIC 2837475 is about 0.032 at 1390 µHz. Yang et al. (2015) showed that the value of A is 50π for KIC 11081729 and HD 49933. With A = 50π, ν0 = 900 µHz, and B0 = 0.032, we calculated r10 for KIC 2837475 using Equations (7) and (8). Figure 10 represents the r10 as a function of νn,1. The r10 determined by Equation (7) is more consistent with the observed ratios than that determined by Equation (8). However, when the frequency νn,1 is larger than 3ν0/2, the r10 determined by Equation (8) is in better agreement with the ratios of model Ma14 than that determined by Equation (7). The observed and theoretical ratios can be well reproduced by Equations (7) and (8). This further states that the increase behavior in the ratios of KIC 2837475 arises from the effect of the overshooting of convective core.
Comparisons with Previous Models
In the calculations, the effects of the overshooting of the convective core were included that were not considered by Metcalfe et al. (2014) in their models. Moreover, the evolutions of models with a mass larger than 1.30 M⊙ were computed without diffusion, while Metcalfe et al. (2014) considered the case with helium diffusion. The diffusion of helium and heavy elements of Thoul et al. (1994) could produce the almost metal-free and pure-hydrogen models in the evolutions of models with a mass larger than 1.30 M⊙ when the value of the mixing-length parameter is small. For example, when the value of α is 1.75, the value of the surface metallicity of the Ammons et al. (2006) . The symbols have the same meaning as those in Table 2 . Molenda-Zakowicz et al. (2013) . However, the models cannot reproduce the observed ratios. The mass of the models with the effective temperature and [Fe/H] of Ammons et al. (2006) is obviously higher than that determined by Metcalfe et al. (2014) . The value of the large separation (∆ν) and the frequency of maximum seismic amplitude (νmax) is 76 and 1522 µHz (Appourchaux et al. 2012) for KIC 2837475, respectively. Using equation
we estimated the mass of KIC 2837475. The value of the mass is 1.493 M⊙ for the effective temperature of 6562 K of Ammons et al. (2006) , 1.554 M⊙ for the effective temperature of 6740 K of Bruntt et al. (2012) , and 1.460 M⊙ for the effective temperature of 6462 K of Molenda-Zakowicz et al. (2013) . Only the mass of the models with the effective temperature and [Fe/H] of Ammons et al. (2006) is consistent with that estimated by Equation (9).
DISCUSSION AND SUMMARY
Discussion
The values of the acoustic depth τHeIIZ and τBCZ (Mazumdar et al. 2014 ) of model Ma14 are about 740 and 3770 s, respectively. The changes caused by the glitch at the base of the convective envelope or the second helium ionization zone have a periodicity of twice the depth of the corresponding glitch (Mazumdar et al. 2014 ). For the model Ma14, the periods are 1480 and 7540 s which are corresponding to the frequencies of 675.7 and 132.6 µHz, respectively. The ratios r01 and r10 of KIC 2837475 almost linearly increase in the range of approximately 1050 and 1600 µHz. Thus the changes in the ratios could not derive from the effects of the glitch at the base of the convective envelope or the second helium ionization zone. Figure 6 shows that the modes with a frequency larger than about 760 µHz penetrate into the overshooting region for model Ma14. Figure 10 shows that an obvious increase behavior of ratios of model Ma14 occurs at the frequencies larger than about 850 µHz. In addition, Figure 7 shows that the values of the frequencies of the minimum and maximum r10 decrease with the increase in δov. The increase in δov leads to the increase in the radius of overshooting region, which results in the decrease in frequency ν0, i.e., the location of the increase ratios moves to low frequencies with the increase in δov. Therefore, the increase behavior of the ratios is related to the effects of overshooting of convective core.
The minimum of the Equations (7) and (8) does not occur at ν0. For example, when the value of ν0 is 900 µHz, the minimum of the Equation (7) occurs at 866 µHz; but the minimum of the Equation (8) occurs at 934 µHz. This leads to the difference between the results of Equations (7) and (8) at νn,1 < 3ν0/2. The minimum of the ratios of model Ma14 is located at about 850 µHz. Thus the results calculated by Equation (7) is more consistent with theoretical ratios when frequencies are less than 3ν0/2.
The values of parameters A, ν0, and B0 can be estimated from the observed νn,1 and r10 and are 34 ± 10 π, 900 ± 35 µHz, and 0.030 ± 0.002 respectively for Equation (7), 23 ± 7 π, 913 ± 36 µHz, and 0.030 ± 0.002 respectively for Equation (8) . The values of ν0 and B0 determined by using the observed r10 and Equation (7) are consistent with those determined by using the observed r10 Figure 10 . The distribution of r 10 as a function of ν n,1 . The dashed green line represents the ratio computed by using equation (7) with A = 50π, ν 0 = 900 µHz and B 0 = 0.032. The solid red line shows the ratio calculated by using equation (8) and Equation (8). However, the values of A have an obvious difference. The Equations (7) and (8) have a minimum at about ν0 and a maximum at around 7ν0/4. The observed ratios of KIC 2837475 have not the minimum. Thus the observed ratios are not suitable to determine the value of A.
Radiative levitation can lead to overabundances of Cr, Mn, Fe, and Ni at the surface of stars with a mass larger than 1.30 M⊙ (Turcotte et al. 1998 ). It is difficult to compute the radiative levitation effects in the evolutions of a large sample of models because of numerical instabilities (Turcotte et al. 1998) . Thus the effects of radiative accelerations are not considered in our models with a mass larger than 1.30 M⊙.
Tables 2 and 3 clearly show that the value of the mass of the obtained models is dependent on the effective temperature and [Fe/H]. Due to the fact that the models with the effective temperature and [Fe/H] of Bruntt et al. (2012) or Molenda-Zakowicz et al. (2013) can not reproduce the observed ratios r01 and r10, only the models with the effective temperature and [Fe/H] of Ammons et al. (2006) were used to estimate the mass, radius, and age of KIC 2837475.
A large δov means that an efficient mixing exists in interior of stars. The mass of Procyon is 1.497 ± 0.037 M⊙. The mass of our models for KIC 2837475 is in the range of approximately 1.46 and 1.56 M⊙. Moreover, there is the phenomenon of the double or extended MS turnoffs in the color-magnitude diagram of intermediate-age star clusters in the Large Magellanic Cloud (Mackey & Broby Nielsen 2007; Milone et al. 2009; Goudfrooij et al. 2009 ). The mass of the MS-turnoff stars of the clusters is around 1.5 M⊙ (Yang et al. 2011b (Yang et al. , 2013 . Yang et al. (2013) showed that rapid rotation and extra mixing caused by rotation can be used to explain the extended MS turnoffs. The surface rotation period of KIC 2837475 is about 3.7 days (García et al. 2014; McQuillan et al. 2014) . Rotation can lead to an increase in the convective core, which depends on the efficiency of rotational mixing and rotation rate (Maeder 1987; Yang et al. 2013) . Furthermore, the extra mixing caused by rotation can mimic the effect of the overshooting to a certain degree. This hints us that the large δov in KIC 2837475 may be related to rotation. The large amount of overshoot may be the consequence of current inaccuracies in the physical models that include many approximations. The "large δov" of KIC 2837475 may be not an exceptional case in stars.
Summary
The calculations show that the observed ratios r01 and r10 of KIC 2837475 cannot be reproduced by the models with δov < 1.2. The value of δov is restricted between approximately 1.2 and 1.6 for KIC 2837475, which is very close to that determined by Guenther et al. (2014) for Procyon. The effects of overshooting of the convective core can lead to an increase behavior of ratios r01 and r10 of the p-modes whose inner turning points are located in overshooting region. For KIC 2837475, the inner turning points of p-modes with l = 1 are located in the region of overshooting of the convective core. The increase behaviors of the ratios r01 and r10 of KIC 2837475 result from the effects of overshooting of the convective core. KIC 2837475 shows the existence of large δov and also confirms that the increase behavior of ratios r01 and r10 derives from the direct effects of overshooting of the convective core.
The increase in δov can lead to the increase in the radius of overshooting region, which results in the fact that the lowfrequency modes can penetrate into the overshooting region. the ratios r01 and r10 of p-modes whose inner turning points are located in the overshooting region can exhibit an increase behavior. Thus the distributions of the ratios r01 and r10 are sensitive to δov. The distributions of the observed and theoretical ratios r01 and r10 of KIC 2837475 are reproduced well by the equations of Yang et al. (2015) , which also indicates that the increase behavior of the ratios arises from the effects of overshooting of the convective core. For the evolutions without the effects of diffusion, with the constraints of Ammons et al. (2006) spectroscopic results and the observed r01 and r10, the observational constraints favor a star with M = 1.490 ± 0.018 M⊙, R = 1.67 ± 0.01 R⊙, age = 2.8 ± 0.4 Gyr, and 1.2 δov 1.6 for KIC 2837475, where the uncertainty indicates the 68% level confidence interval determined by probability distribution function.
